Giant magnetoresistance (GMR) sensor has been developed and widely applied to use as magnetic read head in data storage industry. This paper describes new applications of magnetic-field measurement with high spatial-resolution and high sensitivity to nondestructive evaluation and biomedical engineering. For nondestructive evaluation, the GMR sensor, used as magnetic sensor based on eddy-current testing technique, was applied to the detection of micro-crack on micro-conductor for the purpose of printed circuit board inspection and the detection of micro-solder-ball grid array. For biomedical engineering, the weight density of magnetic fluid for cancer treatment was measured by the GMR sensor. In addition, the GMR sensor was applied to measure micro-current and these can lead to the direct detection of nervous action.
Introduction
Magnetic sensing techniques are unique when compared to other sensors because they do not directly measure the physical property of interest. Magnetic sensors detect changes or disturbances in magnetic fields that are either created or modified and then derive information on properties of interest such as direction, presence, rotation, angle, or electrical currents [1] .
The giant magnetoresistance (GMR) element as one of magnetic sensors has the sandwich structure of magnetic and conductive materials that changes its electrical resistance depending on the alignment of the magnetic layers. External magnetic fields make the magnetic layers of the GMR device align "up" or "down", broadly speaking. However, since the layers are made up of two magnetic materials, one layer (generally referred to as the "free layer") changes polarity, while the other layer (generally referred to as the "pin layer") does not change its polarity. Spin-valve type giant magnetoresistance(SV-GMR) sensors have a maximum resistance change approximately up to 20 % for external magnetic fields and saturation fields are 1.0 -8.0 mT [1] . SV-GMR sensor has a high sensitivity and a high spatial resolution [2] .
Nondestructive evaluation (NDE) is a very broad and interdisciplinary area that can be used to detect defects and measure physical or mechanical characteristics of a material or component.
The popularity and acceptance of NDE as a measurement technique is due to the fact that the system or material under test is not harmed or damaged during testing, and thus the integrity of the object under test is retained [3] . There are a range of magnetic sensors developed for NDE such as superconducting quantum interference device (SQUID), inductive coil, fluxgate, hall element, and GMR.
In this paper we report novel applications of GMR sensor in the fields of eddy-current testing (ECT) and medical treatment. For ECT application, the probe based GMR sensor was fabricated. The proposed probe was used to inspect micro defects on printed circuit board (PCB) and to detect micro conducting bead. In the application of medical engineering, a novel GMR probe with needle structure was fabricated to estimate low concentration magnetic fluid and to detect the magnetic field distribution from nervous action.
Comparison of Magnetic Sensors
In order to recognize the advantages of GMR, the comparisons between magnetic sensors are shown in Table 1 . Compared to the aforementioned sensors that are being used in NDE, the GMR sensor has the advantages of small and very thin structure and high sensitivity under low magnetic fields up to nT. The temperature dependence is 1/20 of hall element [4] [5] [6] . The GMR sensor is a resistive device with two terminals which means that it can be utilized by the way of a microstructure and be expanded to an array structure resulting in simple measurements The SV-GMR sensor also has linear characteristics with a little hysteresis for small signal. These favourable qualities make the SV-GMR device suitable for industrial inspection and detection. [7, 8] The applications discussed in this paper require the SV-GMR sensor to operate at low AC magnetic fields. Hence, the small signal characteristics of the GMR sensor are discussed. The characteristics of the SV-GMR multi-sensor are shown in Fig. 1(a) . Each SV-GMR sensor consists of four strips where each strip is 100 μm in length and 18 μm in width. The normal resistance of the sensor is 400 Ω and the maximum MR ratio 12 %. The high frequency ECT probe as shown in Fig. 2 was fabricated for purpose of inspecting micro-crack on a flat surface. The probe includes meander coil as an excitation coil which is fed with high frequency excitation current to provide magnetic fields, and magnetic sensor which will pick up modified magnetic fields BB z due to any defect or boundary on the PCB conductor, that is perpendicular to the scanning direction. When the SV-GMR sensor was mounted between the long meander coils, its sensing axis was set to detect only the magnetic fields B z . While the long meander coil is primarily used to induce eddy currents on PCB, it also provides the advantage of fabricating a multi-sensor system. [9] The proposed ECT probe was used for PCB inspection. A PCB model made from copper with a thickness of 9 μm was used for experiment. The PCB conductor had disconnections ranging from 50 to 500 μm. 
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Proposed SV-GMR sensor for biomedical application
The novel needle-type SV-GMR sensor is shown in Fig. 8(a) . The light, low-invasive, and simple SV-GMR sensor is fabricated especially for biological measurement. The needle is made so that it can easily be injected into the body for in-vivo experimentation. The SV-GMR element with sensing area 75 μm × 40 μm is fabricated on the tip of the needle. The size of the needle of 20 mm is especially designed to be minimally invasive in potential medical applications. It can be inserted inside the body to an area of interest in a very low invasive condition.
The needle-type probe has a bridge structure of GMRs, which allows the sensor to measure the magnetic flux density inside and outside a given cavity simultaneously. These characteristics make the needle-type sensor a potentially ideal tool to be used during a surgical procedure for example. Sensing direction is parallel to the needle. Constant current of 5 mA is supplied to the GMR sensor. The ac small-signal characteristics at 1 kHz are shown in Fig. 8(b) . The sensitivity of the SV-GMR sensor is approximately 12.5 μV/μT.
Estimation of Magnetic Fluid Weight Density
Magnetic fluid and its applications
The past decade has seen an unprecedented increase in interest for the utilization of magnetic nanoparticles in biomedical applications. Magnetic fluid or dextran magnetite (DM) is a complex of dextran and iron oxide particles. It is not simply a suspension of the two but rather chemically binds to the circumference of iron oxide particles, and is stable as a colloid without aggregation or deposition in various solvents or serum [10] .
Since the movement of magnetic nanoparticles can be controlled by external magnetic fields, it is used in targeted drug delivery, where it is possible to carry drugs or medicine to a specific site. Also magnetic nanoparticles react strongly to ac magnetic fields and thus, enabling dynamic methods of cancer therapy such as hyperthermia treatment, or they can also be used as contrasting agents in MRI [11] .
Hyperthermia treatment involves magnetic nanoparticles being injected to the tumor area [12, 13] . AC magnetic fields heat up the magnetic nanoparticles and the tissues are heated directly due to hysteresis loss. Induced heat capacity depends on amplitude of magnetic field, exciting frequency and weight density D w of magnetic fluid [14, 15] . Since the injected magnetic fluid spreads inside the tissue it is critical to estimate the weight density of magnetic fluid inside body before as well as after treatment. The proposed SV-GMR sensor has the potential to be indispensable in this sense.
Relationship between magnetic fluid weight density and relative permeability
It can be seen from Fig. 9 (a) that magnetic particles have a cluster structure with space between particles. It is assumed that the cluster of magnetite distributes uniformly and that the nanoparticles have a relative permeability of infinity compared to that of one for liquid.
The permeance of an equivalent magnetic path is estimated through magnetic bead and through air. Then, regarding the magnetic fluid as a bulk, the magnetic permeance of a unit volume is calculated [14] .
The relative permeability, μ * , can then be expressed by the following equation:
where γ = 4.58 (W-35 sample -Taiho Co.) and is the specific gravity of magnetic bead. The space factor h = 0.523 of spherical magnetite is considered, due to space between the particles. 
where N is the demagnetizing factor of the cavity [16] . Substituting Eq. (1) 
Dependency of shape ratio and density
Experiments were performed to estimate the low concentration magnetic fluid weight density.
The size, shape and composition of magnetic nanoparticles make it an attractive tool in 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 biomedicine and low concentration magnetic fluid (less than 2.8 % weight density of original DM) is used in a variety of applications. Fig. 11(a) shows the experimental setup for low concentration magnetic fluid weight density. 14. The diameter of a typical nerve may vary between 1 and 20 μm [17, 18] . While action impulse travels along the nerve at speeds between 0.6 -120 m/s [19] , action current is not more than 1 μA. 
Experimental results
A wire of 15 μm radius was used to simulate a nerve. To simulate action current a pulse signal with 10 % duty cycle at frequency 1 kHz was supplied to the wire. The sensor needle was It must be noted that during vertical direction measurements the sensor needle touches the conducting wire as shown in Fig. 17(a) thus making r c negligible (so ρ is assumed equal to z) .
However for horizontal measurement as shown in Fig. 17(b) , it can be seen that the conducting wire is moved away from the needle, making r c significant. Fig. 18 compares the experimental results in the vertical direction for 100 μA to the theoretical data. However, it must be noted that we assume the sensor as a point in the theoretical calculation, but in reality it comprises of four thin elements amounting to 40 μm.
A possible reason for the signal in the detecting region not being uniform is that during experiments the positioning of sensor could have introduced some error. Fig. 19 shows the results obtained when the nerve was moved in the horizontal direction until no signal could be deciphered. From the results, it can be seen that the signal can be detected around 750 μm in the horizontal direction from the needle.
Further measurements were performed to simulate measurements through body tissue.
Measurements were taken through polyimide layers of differing thickness for 1.0 mA of action current. The results in Fig. 20 show that the detected signal is inversely proportional with increasing layer thickness of polyimide. In neurological measurements, the signals of interest are usually less than microamperes. Fig. 21 shows the signal obtained from the SV-GMR sensor for input currents ranging from 10 μA to 100 nA. 
Conclusions
Spin-valve giant magnetoresistance sensors continue to revolutionize the nondestructive evaluation industry due to its simple micro dimensional structure, wide operating frequency, and low field operating range among many other advantages. Novel applications in biomedical engineering employing a SV-GMR sensor included estimating magnetic fluid weight density and detection of magnetic field distribution from nervous action. The interesting characteristics of GMR sensor enable us to invent the drastic methodology of nondestructive evaluation and biomedical measurement by magnetic measurement.
